The multispanning membrane protein vacuole membrane protein 1 (VMP1) marks and regulates endoplasmic reticulum (ER)-domains associated with diverse ER-organelle membrane contact sites. A proportion of these domains associate with endosomes during their maturation and remodeling. We found that these VMP1 domains are enriched in choline/ethanolamine phosphotransferase and phosphatidylinositol synthase (PIS1), 2 ER enzymes required for the synthesis of various phospholipids. Interestingly, the lack of VMP1 impairs the formation of PIS1-enriched ER domains, suggesting a role in the distribution of phosphoinositides. In fact, depletion of VMP1 alters the distribution of PtdIns4P and proteins involved in the trafficking of PtdIns4P. Consistently, in these conditions, defects were observed in endosome trafficking and maturation as well as in Golgi morphology. We propose that VMP1 regulates the formation of ER domains enriched in lipid synthesizing enzymes. These domains might be necessary for efficient distribution of PtdIns4P and perhaps other lipid species. These findings, along with previous reports that involved VMP1 in regulating PtdIns3P during autophagy, expand the role of VMP1 in lipid trafficking and explain the pleiotropic effects observed in VMP1-deficient mammalian cells and other model systems.
| INTRODUCTION
The endoplasmic reticulum (ER) is the largest organelle in the cell and serves multiple functions, including protein and lipid synthesis.
Newly synthesized lipids must then be transported to other organelles, 1 and an increasing number of reports highlight the importance of non-vesicular transport of lipids at membrane contact sites (MCSs) (reviewed by [2] [3] [4] [5] [6] ). MCSs are regions where the membranes of 2 organelles are close together, typically within a distance of 30 nm.
MCSs are heterogeneous and the specificity toward organelles and trafficking molecules is conferred by a large number of proteins involved in tethering and transport. Lipid transport requires the function of lipid transfer proteins (LTPs) that facilitate lipid movement between membranes. LTPs comprise several protein families with characteristic hydrophobic domains that interact with specific lipid species and transfer them through the aqueous gap between membranes. 7, 8 The VAM-associated proteins (VAPs) are conserved ER proteins typically involved in ER endosomes and ER-Golgi MCSs.
These proteins associate with LTPs and other structural proteins to establish the platform that tether organelles and transport lipids at MCSs. 9, 10 Many aspects of MCSs regulation are still poorly defined such as the mechanisms that determine the formation and size of MCSs and the specific properties and lipid composition of the ER membrane at contact sites.
Vacuole membrane protein 1 (VMP1) is an ER-resident multispanning protein first identified for its role in autophagy. [11] [12] [13] [14] [15] [16] [17] Recently, we proposed a more general role for VMP1 in regulating
MCSs. 18 We found that VMP1 forms ER microdomains in close contact with other organelles such as mitochondria, peroxisomes, lipid droplets, autophagosomes and endosomes. The lack of VMP1 leads to aberrant mitochondrial morphology and larger contact sites between ER and mitochondria, as well as defects in lipid droplets distribution and a blockade in autophagic flux. 18 We hypothesized that VMP1 regulates the size and/or the function of multiple MCSs, but further studies were needed to characterize the nature and properties of these VMP1-enriched ER subdomains. We describe in this report that VMP1 associates with endosomes at ER-endosome contact sites and marks and regulates ER-subdomains enriched in lipid synthesizing enzymes. The lack of VMP1 alters the subcellular PtdIns4P distribution, endosome maturation and Golgi structure, thus expanding the role of VMP1 in multiple membrane trafficking processes.
2 | RESULTS
| VMP1 associates with endosomes at ERendosome MCSs
Recently, several publications highlighted the important role of MCSs between ER and endosomes in endosome maturation. [19] [20] [21] [22] [23] [24] [25] Because VMP1-GFP marks distinct ER subdomains associated with endosomes, 18 we aimed to further characterize the association of VMP1 with these organelles. We found that VMP1 puncta colocalize dynamically with endosomes labeled with Hrs, an endosomalassociated protein involved in protein sorting during endosome maturation. 26 Both markers remain closely associated as they move, thus confirming the tethering of these 2 organelles ( Figure 1A and Movie S1, Supporting Information). We also studied the dynamics of VMP1 puncta during the well-characterized trafficking of cell surface EGF receptor (EGFR) via endocytosis. Exposure of the cells to EGF induces EGFR internalization from the plasma membrane (PM). 27 We found no apparent change in the localization pattern of VMP1 in response to EGF. However, a significant amount of internalized EGFR rapidly localized in close proximity to VMP1 ( Figure 1B ). We also used the fluorescent ligand EGF-555 to study the dynamics of the endocytic process and the association with VMP1 puncta. Live imaging showed that about 40% of EGF-555-positive endosomes associate stably with VMP1 at least once during a time lapse of 5 minutes after exposure to EGF-555 (a significant association was considered when VMP1 puncta are in close proximity and share the same trajectory than EGF-555 during at least 5 seconds) ( Figure 1C and Movie S2). It has been previously reported that specific ER domains define the position of endosome fission, which is required for endosome maturation. 28 Interestingly, we found that VMP1 is also associated with these endosome-remodeling events ( Figure 1D ). Moreover, when cells were treated with dynasore to block endosome fission, 29 EGF-positive endosomes accumulated in VMP1-enriched structures, thus suggesting that VMP1 association with endosomes takes place before endosome fission and is stabilized when this process is inhibited ( Figure 1E ).
To visualize the association of VMP1 with endosomes at higher resolution, cells were imaged by super-resolution structure illumination microscopy (SR-SIM). This technique allowed us to determine that VMP1 do not colocalize with endosomes but is often found in close proximity to these organelles (Figure 2A ), thus ruling out a possible mislocalization of overexpressed VMP1 in endosomes. Immunogold electron-microscopy (EM) further showed that VMP1 localize to ER domains and that some of them are in close proximity to endosomes with intermembrane distances compatible with those described for MCSs (20-50 nm) ( Figure 2B ). We used post-embedding as well as preembedding EM immunogold, which enhances membrane preservation.
As the available antibodies against VMP1 are not suitable for immunofluorescence, we confirmed the association of endogenous VMP1 with ER by fractionation of homogenized Cos-7 cells. VMP1
co-fractionated perfectly with the ER-marker calnexin, which is consistent with the predominant localization of the endogenous protein at the ER ( Figure 2C ). However, VMP1 is also detected in some fractions containing early and late endosomes, in agreement with the close proximity between VMP1 and endosomes.
| VMP1 marks and regulates ER subdomains that are positive for phospholipid synthesizing enzymes
To further characterize the nature of the ER regions marked by VMP1 puncta, we analyzed by confocal microscopy the possible colocalization of VMP1 with ER proteins involved in different functions. The translocon subunit Sec61 is considered to be a general ER marker.
Atlastin-3 regulates the fusion of ER tubules and accumulates in puncta along the ER. 30, 31 Because phospholipid synthesis occurs mainly in the ER, we also analyzed 2 key phospholipid synthesizing enzymes, phosphatidylinositol synthase (PIS1) and choline/ethanolamine phosphotransferase (CEPT1), which were reported to form discrete puncta on the ER and have been implicated in the dynamics of ER tubules. 32 PIS1 catalyzes the conversion of diacylglycerol precursors and inositol to PtdIns, while CEPT1 converts diacylglycerol precursors to phosphatidylethanolamine or phosphatidylcholine.
HeLa cells were co-transfected with VMP1-GFP and the different ER proteins tagged with mCherry. We observed low levels of colocalization of VMP1-enriched ER puncta with Atlastin but high level of colocalization with the enzymes PIS1 and CEPT1 ( Figure 3A) . Quantification of colocalization ( Figure 3B ) showed that about 50% of PIS1 and 70% of CEPT1 puncta colocalized with VMP1. The Mander's coefficient supports this association as VMP1 preferentially overlaps with the phospholipid synthesizing enzymes subdomains compared with Atlastin puncta. Live cell imaging shows that VMP1 and CEPT1
domains are dynamic and move together (Movie S3; Figure S1A in File S1) in contrast with Atlastin puncta, which show no clear association with VMP1 (Movie S4; Figure S1B in File S1). Furthermore, superresolution images confirmed that VMP1 and CEPT1 subdomains are intimately associated ( Figure 3D ). We also determined the level of colocalization in Cos-7 cells in which the ER tubules can be visualized more clearly at the cell periphery. In this cell line, the Pearson's coefficient of colocalization is higher between VMP1 and CEPT1 than between VMP1 and Sec61 ( Figure 3C ), thus suggesting that VMP1/ CEPT1 puncta represent specific ER subdomains.
Interestingly, PIS1 subdomains have been proposed to be involved in the delivery of PtdIns to a variety of cellular membranes, including endosomes. 33 Moreover, a recent paper from Mizushima's group demonstrated that autophagosome formation occurs preferentially in enriched PIS1 subdomains in the ER. 34 As VMP1 has been implicated in both ER-endosome contact sites 18 and autophagosome biogenesis, 12, 14 we analyzed VMP1 and PIS1 subdomains with respect to endosomes and autophagosomes. We found that most of the VMP1-PIS1 positive subdomains colocalize with LC3-labeled autophagosomes and EGFRlabeled endosomes, although in different proportions ( Figure 4 ). In order to determine whether VMP1 is required for the formation of CEPT1 and PIS1 enriched ER domains, we downregulated VMP1 expression using siRNA as described previously. 18 Interestingly, depletion of VMP1 in HeLa cells reduced both CEPT1 and PIS1 puncta in the ER ( Figure 5A ), although the changes were more pronounced for PIS1. Of note, the protein levels of endogenous CEPT1
and PIS1 proteins were not significantly altered in the absence of VMP1 ( Figure 5B ). In order to study PIS1 puncta dynamics in more detail, we used the marker PIS1-GFP, originally used in the description of PIS1 behavior. 33 As shown above with mCh-PIS1, puncta were clearly reduced and enlarged in VMP1-depleted cells ( Figure 5C ).
Remarkably, live cell imaging showed that the remaining PIS1 puncta in VMP1-depleted cells were very static compared to the rapid movement of the small PIS1 puncta in control cells. These data indicate that although some PIS1 domains are formed in VMP1-depleted cells, they do not show similar dynamic behavior ( Figure 5D and Movies S5 and S6). Similar results were also observed in Cos-7 cells ( Figure 5D and Movies S7 and S8).
| VMP1 microdomains regulate PtdIns4P distribution
It has been previously reported that ER-endosome and ER-mitochondria
MCSs increase in the absence of VMP1, 18, 35 which demonstrates that VMP1 is not essential for the formation of the contact itself, but may still be required for its functionality. Recently, Dong et al showed that the ER protein VAPA/B and the endosome protein SNX2 establish a platform for the LTP OSBP, which transports PtdIns4P generated by PI4K2A from endosomes to the ER. Once in the ER, PtdIns4P is hydrolyzed by the phosphatase SAC1 ( Figure 6B ). Because VMP1 is associated with subdomains enriched in PIS1, the enzyme responsible for the synthesis of PtdIns, the precursor of PtdIns4P, we investigated the possible role of VMP1 in PtdIns4P traffic. In fact, we found that VMP1 and PI4K2A-positive endosomes colocalize (or are in close proximity)
( Figure 6A ). In order to evaluate PtdIns4P traffic in the absence of VMP1, we studied the distribution and dynamics of the PtdIns4P-specific P4M probe, previously reported to detect Golgi, PM and endosomes/lysosomes pools of this lipid. 36 The distribution of the P4M plasmids. As shown in Figure 6D , PtdIns4P accumulates in late endosomes when VMP1 is absent. Interestingly, these structures decreased in mobility, suggesting that endosome maturation is compromised. Similar accumulations in endosomes were observed using the PtdIns4P marker P4C-GFP 37 ( Figure S2 in File S1). However, the overall pattern is slightly different to the one obtained for P4M-GFP probe, as labeled endosomes are less dispersed in VMP1-depleted cells and tend to accumulate in the perinuclear area. This could be due to differences in affinity to PtdIns4P form different pools or alterations due to the overexpression of the marker. Nevertheless, the increase in endosome labeling in the absence of VMP1 is consistent in both markers. A comparison of both markers is depicted in Figure S2 in File S1.
Importantly, this phenotype is reminiscent of those observed upon depletion of SAC1, VAPs or OSBPs, which also leads to pronounced accumulation of PtdIns4P on endosomes. 38 Therefore, we analyzed the pattern of VAPs and SAC1 in the absence of VMP1. We found that these proteins exhibited an altered localization pattern in VMP1-depleted cells, with lower levels of both proteins at the perinuclear area and aberrant accumulations at the cell periphery ( Figure 7A ,B).
The loss of perinuclear localization was confirmed by the using of the Golgi marker GM130, which colocalizes with SAC1 in the control cells and not as much in VMP1-depleted cells ( Figure 7B ). Moreover, VAPA and the retromer subunit SNX2 extensively colocalized in these aberrant peripheral structures ( Figure 8A ), which may reflect the abnormally large ER-endosome contact sites generated in the absence of VMP1. 35 The retromer complex mediates endosome-to-Golgi retrieval of various proteins, such as the mannose 6-phosphate receptor. 39 We found that the distribution of this receptor changes from a perinuclear to a dispersed and punctuated pattern in VMP1-depleted Cos-7 and HeLa cells ( Figure 8B ). All together, these results show that the absence of VMP1 has a profound impact on PtdIns4P distribution, which may potentially affect diverse cellular processes.
In this regard, it is well described that PtdIns4P also plays an important role in the trans-Golgi network (TGN). 10, [40] [41] [42] [43] In addition, it has been proposed that the resupply of PtdIns from the ER to the TGN is required to feed the cycle of PtdIns4P synthesis and hydrolysis between these organelles. 10, 44 This prompted us to examine possible alterations of the Golgi apparatus. Although only slight changes were observed by confocal microscopy, Golgi cisternae were swollen when observed by EM ( Figure 8C ). Interestingly, it has been reported that depletion of VAPs also leads to the formation of swollen cisternae by decreasing PtdIns4P levels in the Golgi membranes. 44 
| VMP1 is required for endosome maturation
The role of VMP1 in PtdIns4P distribution and retromer function prompted us to study the effects of VMP1 depletion on endosome trafficking and maturation. VMP1 depletion results in a clear 
| DISCUSSION
In 2016, we described the association of VMP1 with diverse MCSs, thus suggesting possible roles in other cellular processes beyond autophagy. 18 During the preparation of this manuscript, Zhao et al reported similar conclusions. 35 Moreover, they found that VMP1
regulates calcium levels at MCSs by promoting the activity of the sarco-endoplasmic reticulum calcium ATPAse. It is important to point
out that VMP1 appears to be dispensable for the formation of MCSs because they persist in VMP1-depleted cells. It has been described that ER-mitochondria 18 and ER-endosomes 35 MCSs are enlarged in VMP1-depleted cells, thus raising the interesting possibility that this hypertrophy may arise to compensate an abnormal lipid traffic. Now, in this report, we show that VMP1 marks and regulates specific ERsubdomains enriched in phospholipid synthesizing enzymes, and it is necessary for the correct subcellular distribution of PtdIns4P. We also ER subdomains enriched in CEPT1 and PIS1 were characterized by English and Voeltz. 32 They showed that these 2 enzymes and Rab10 localize at the tip of ER tubules during tubule elongation. We previously showed that VMP1 can also be detected at the tip of growing ER tubules, 18 thus supporting the possibility that VMP1 may have a role in ER dynamics through the regulation of these ER subdomains.
The presence of CEPT1 and PIS1 enzymes could reflect local enrichment of PtdIns and choline/ethanolamine-containing phospholipids, thus raising the possibility that VMP1/CEPT1/PIS1 domains might function as platforms for the synthesis of phospholipids that are essential for lipid trafficking between organelles ( Figure 10 ).
An intriguing observation is that a general ER marker (Sec61) does not localize to these subdomains, thus suggesting that they may have a distinctive protein composition and thus be considered as a specialized compartment derived from the ER. In this regard, Kim et al also suggested the existence of a special ER subcomparment denominated "piperosome," characterized by the presence of PIS1, which was proposed to mediate PtdIns distribution to multiple cell membranes. 33 To our knowledge, this is the first time that an independent study supports the existence of such specialized ER subdomain. Interestingly, not all VMP1 puncta colocalize with PIS1, while the colocalization with CEPT1 was more extensive. This may not necessarily mean that PIS1-negative VMP1 puncta do not contain PtdIns because PIS1 is expressed at a low level and distributed in a reticulated pattern throughout the whole ER. It is thus possible that PtdIns synthesis takes tually all membrane-trafficking processes both in mammalian cells and more simple eukaryotes. 11, 13, 17, 18, 45, 46 We cannot rule out the possibility that the effect of VMP1 depletion on endosome maturation or autophagy is indirect and results from a general defect in ER structure. However, the presence of VMP1 at specific contact sites and its dynamic relationship with organelles, the rapid recruitment of VMP1 puncta to newly formed endosomes, the enlargement of ER-organelle MCSs in the absence of VMP1, the colocalization of VMP1 with lipid synthesizing enzymes and the phenotypic similarities shared by cells lacking VMP1 or welldefined PtdIns4P-lipid trafficking proteins, also support the idea that VMP1 depletion has a specific defect in the functionality of MCSs, possibly in lipid trafficking.
Colocalization of VMP1 with PIS1 domains suggests that these domains may be involved in PtdIns trafficking, and therefore required for the formation and distribution of other PtdIns-derived phosphoinositides. In agreement with this hypothesis, previous reports have shown that VMP1 regulates PtdIns3P in autophagy. The omegasome is an ER-derived region that organizes the formation of autophagosomes.
In this structure, PtdIns is converted to PtdIns3P by the class III PI3K
VPS34. 14, 18, 47 Previous studies have shown that VMP1 colocalizes with the PdtIns3P-enriched ER-derived omegasome and, in the absence of VMP1, PtdIns3P accumulates aberrantly at the ER leading to the formation of small isolation-membrane-like structures. 13, 14, 17, 18 Interestingly, it has been described that autophagosomes arise from PIS1 puncta, and thus it is tempting to speculate that VMP1/PIS1 puncta may represent contact sites between the ER and the autophagosome membrane, which could facilitate the transfer of PtdIns or other phospholipids.
We have now expanded the function of VMP1 to another PtdInsderived lipid species, PtdIns4P. We hypothesize that VMP1 is required 
| DNA constructs
The following constructs were purchased from Addgene: HRS-RFP (#29685), RAB5-mCherry (#49201), Rab7-mCherry (#61804) and Sec61-mCherry (#49155). P4C-GFP was a gift from Gerry Hammond. and specificity of VMP1 inhibition with these siRNAs has been reported previously. 18 Similar phenotypes were observed with both VMP1-specific siRNAs. 
| Cell fractionation and antibodies

| Super-resolution
Super-resolution imaging was performed on a Deltavision OMX V4 SIM microscope (GE Healthcare) equipped with an Olympus 60×/1.42, Plan Apo N objective, and a pco.edge sCMOS camera (chip size 2560 × 2160, and pixel size of 6.5 × 6.5 μm). 1 μm Z-sections images were taken with 0.125 μm spacing. Images were reconstructed using softWoRx software from GE Healthcare. silenced cells, at least 3 independent experiments were carried out and analyzed with FiJi to measure different parameters: distances, diameters, mean grey value and dynamics (Mosaic Macro). Significance was analyzed using the Student t test *P < .05; **P < .01; ***P < .001). 
| Electron microscopy
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